Abstract. The present study aimed to investigate phosphatidylinositol 4,5-bisphosphate 3-kinase (PI3K)/protein kinase B (AKT) signaling pathway activation in a rat model of migraine. A total of 60 male Sprague-Dawley rats were randomly divided into three groups: Blank control; suspension control; and migraine model. The model group was subcutaneously injected with a glyceryl trinitrate suspension, using an optimized Tassorelli method to establish a rat model of migraine. The activation status of the PI3K/AKT signaling pathway was assessed via measurement of the phosphorylated (p)-AKT level. The level of serum 5-hydroxytryptamine was detected using an ELISA. The mRNA and protein expression levels of PI3K and AKT, and protein levels of p-AKT were detected by reverse transcription quantitative polymerase chain reaction and western blot analysis. Expression of the PI3K gene was significantly increased (P<0.01) 6-24 h following the glyceryl trinitrate injection. There was no significant difference in the expression of AKT between any of the groups at any time. Expression of p-AKT (S473) was significantly increased in the migraine model group (P<0.01) compared with the controls groups. Immunohistochemical analysis indicated that phosphatase and tensin homolog (PTEN) continuously decreased in the migraine model group during 1-12 h, however this was only significant in the 12 h group. Levels of PTEN had increased again by 24 h. Glycogen synthase kinase (GSK)-3β expression exhibited a similar expression pattern to PTEN. The results indicated that the PI3K/AKT signal pathway may be activated in the brain tissue of the rat migraine models. The inhibition of PTEN, which is an upstream modulator of the PI3K/AKT signaling pathway, may enhance the activation of phosphatidylinositol-3,4,5-triphosphate, thus inhibiting the expression of GSK-3β.
Introduction
Migraines are a primary central nervous system dysfunction that are commonly observed in the clinic; the majority of cases present with moderate and severe paroxysmal headache, accompanied by nausea and vomiting (1, 2) . Notably, the headaches are aggravated by sound and light stimulation. Migraines are a common chronic neurological disorder, which are more frequent in women, children and adolescents. Susceptibility to migraines is considered to be a multifactorial and multigene disease, composed of environmental and genetic factors (3, 4) . The molecular mechanism underlying migraines is currently clear. A previous study suggested that the phosphatidylinositol 4,5-bisphosphate 3-kinase (PI3K)/protein kinase B (AKT) signaling pathway is involved in a variety of physiological and pathological processes (5), however, there are limited studies investigating the activation of the PI3K/AKT signaling pathway in migraines.
The PI3K/AKT signaling pathway is an important survival signal transduction pathway in cells. It is widely involved in cell functions, including regulation of glucose transport and cell proliferation, differentiation and apoptosis. Following activation, PI3K generates the second messenger phosphatidylinositol-3,4,5-triphosphate (PIP3). AKT is a serine/threonine kinase, which can be activated by PIP3 following upstream activation of an associated tyrosine kinase receptor. Phosphorylated (p)-AKT further activates or inhibits downstream signaling molecules including Bcl2-associated agonist of cell death, caspase-9, nuclear factor-κB, glycogen synthase kinase (GSK)-3 and forkhead box O1 by phosphorylation, and subsequently regulates proliferation, differentiation, apoptosis, migration and other biological processes.
The establishment of an animal model of migraine is an important tool to study the pathogenesis of migraines and the establishment of animal migraine models has recently been reported (6, 7) . The nitroglycerin-induced migraine model, which exhibits a similar time phase to human migraine and has a high success rate and operability, has been widely used in clinical research into migraines (8) . The present study optimized the establishment of a nitroglycerin-induced migraine model. The model was evaluated by the detection of serum 5-hydroxytryptamine (5-HT) by ELISA. Activation of the PI3K/AKT signaling pathway was assessed via analysis of mRNA and protein expression levels of these genes. Alterations in the levels of downstream signal molecules were assessed in the process of migraine and provided experimental evidence for the clinical study of these proteins in the context of migraines. Creation of migraine model. Healthy adult male SD rats were maintained in standard animal cages (5 rats/cage). Rats were free to eat and drink water during the experiment. The temperature and relative humidity were maintained at 18-25˚C and 40-70%, respectively.
Materials and methods

Materials
A total of 60 SD rats were randomly divided into the following three groups (n=20/group): Blank control group (BCG); suspension control group (SCG); and migraine model group (MMG). Nitroglycerin solution and vehicle were prepared for use in 50 ml nitroglycerin syringes. A nitroglycerin suspension (nitrogen drying at room temperature and re-dissolution in 5 ml ethanol; the volume was subsequently made up to 50 ml with 1% Tween-80 solution) was prepared by vortex mixing. The control suspension contained 5 ml anhydrous ethanol made up to 50 ml with 1% Tween-80 solution. Subcutaneous injections of the nitroglycerin suspension (9 mg/kg) and the control suspensions were administered into the back of the rats' neck as a single dose. The blank control group did not receive any treatment. Serum samples for ELISA analysis were collected from the tail vein 1, 6, 12 and 24 h following the injection. The brain stem tissues were isolated and snap-frozen in liquid nitrogen. The present study was approved by the ethics committee of Linyi People's Hospital (Linyi, China).
Establishment of the rat migraine model. The model was established by injecting rats with a glyceryl trinitrate suspension (9) .
The behaviors of the rats in first 2 h were recorded by video and counted by a researcher. Time bins (20 min) were selected according to a previous reference (9) . There were 20 rats in each group. Behavioral changes in the rats were then observed, including periods of head and ear scratching, shaking the body and climbing the cage. The mean frequency of events was calculated across each time bin.
5-HT detection by ELISA.
Blood samples were incubated at room temperature for 2 h, and the serum was subsequently separated by centrifugation at 3,000 x g for 10 min at 4˚C. Measurement of 5-HT by ELISA was performed according to the manufacturer's protocol. The standards and diluted serum samples were added to the wells of the provided plate and incubated at 37˚C for 2 h. Test solution (100 µl) was added to each well, a film cover was placed over the plate and the plate was incubated at 37˚C for 2 h. The plate was washed three times by sterile PBS, and 100 µl of the ELISA kit HRP-labeled rabbit anti-mouse secondary antibody was added to each well and the plate was incubated at 37˚C for 30 min. Following incubation, 90 µl tetramethylbenzadine (TMB) substrate was added to each well, the plate was covered with a light-blocking film and subsequently incubated for a further 15-25 min at 37˚C. To visualize the TMB color change, 50 µl 2 M H 2 SO 4 was added to each well and the optical density was immediately measured at 450 nm using an ELISA plate reader.
Western blot analysis. Sample tissues were incubated with RIPA lysis buffer on crushed ice for 30 min and subsequently lyzed using short duration sonication for 10 sec, repeated 3 times, with a probe type ultrasonicator. The mixture was centrifuged at 15,000 x g for 20 min at 4˚C and the supernatant was transferred into a fresh centrifuge tube. The protein concentration was determined using a Bradford protein concentration kit.
Proteins (~40 mg) were separated by 12% SDS-PAGE, and the gels were subsequently incubated in the transfer buffer for 10 min. The 'sandwich' was assembled and proteins were transferred to polyvinylidene difluoride (PVDF) membranes at 100 V for 45-60 min. The PVDF membranes were subsequently rinsed with TBS for 10-15 min, blocked with blocking buffer (cat. no. P0023B; Beyotime Institute of Biotechnology) for 1 h at 4˚C and incubated with diluted primary antibodies [1:10; containing 1% skimmed milk diluted with TBS-Tween (TBST)] at room temperature for 2 h. The membranes were subsequently rinsed with TBST for 5-10 min three times, and incubated with rabbit anti-mouse secondary antibody (1:10,000), diluted in TBST containing 0.05% skimmed milk. The membranes were rinsed with TBST for 5-10 min three times. ECL substrate was added and the membranes were exposed in a darkroom.
Reverse transcription quantitative polymerase chain reaction (RT-qPCR) analysis.
Tissue samples were ground in liquid nitrogen. Total RNA was extracted using TRIzol (with gDNA Eraser), and the concentration and purity were detected using a Nanodrop 2000 (Thermo Fisher Scientific, Inc., Wilmington, DE, USA). Total RNA was reversed transcribed to cDNA according to the manufacturer's protocol. qPCR was performed to detect mRNA expression levels. Primers were designed and synthesized by Shanghai SaiBaiSheng Gene Technology Co., Ltd. (Shanghai, China). The specific sequences are provided in Table I . The Cq value for each gene was measured, and the ΔΔCq values were determined from the average of three parallel experiments. The values were calculated as follows: ΔCq=Cq (Target Gene) -Cq (Reference gene) ; ΔΔCq=ΔCq (sample) -ΔCq (control). The relative expression level of target genes (PI3K and AKT) was calculated using the 2 -ΔΔCq method (10) . The relative expression level of the control (GAPDH) was 2 0 =1. The qPCR reactions contained: 10 µl 2X SYBR Fast qPCR mix; 0.8 µl PCR forward/reverse Primers (10 mM); 0.4 µl 50X ROX reference dye II; 2 µl cDNA template. The reaction parameters were as follows: Initial denaturation at 95˚C for 30 sec, followed by 40 cycles of 95˚C for 3 sec and 60˚C for 13 sec.
Immunohistochemistry. Brain stem tissue samples were fixed with 10% neutral buffered formalin for 24 h at room temperature, and then washed with tap water. The samples were dehydrated with an alcohol gradient, embedded using paraffin and cut into 4.5 mm slices. The sections were dewaxed using dimethylbenzene at room temperature, followed by graded alcohol, pure water and PBS. Immunohistochemical staining was performed to detect the levels of PTEN (1:400) and GSK-3β (1:200) for 20 min at 98˚C, using monoclonal antibodies and an immunohistochemistry kit, according to the manufacturer's instructions (Abbiotec LLC). Immunohistochemical data were analyzed using Image-Pro Plus software version 6.0 (Media Cybernetics, Inc., Rockville, MD, USA). The area of interest was selected and the IOD (integrated optic density) was measured. The IOD/area (density mean) of the selected area was calculated, and the density mean value was used to represent the semi-quantitative protein expression level.
Statistical analysis. All analyses were performed using SPSS version 13.0 (SPSS, Inc., Chicago, IL, USA). The mean and standard deviation were used to summarize continuous variables. One-way analysis of variance and Fisher's least significant difference post hoc test were used to assess the differences among groups. P<0.05 was considered to indicate a statistically significant difference.
Results
Establishment of the rat migraine model. The model was established by injecting rats with a glyceryl trinitrate suspension (n= 20 rats/group). Behavioral changes in the rats were observed, including periods of head and ear scratching, shaking the body and climbing the cage. MMG rats scratched more frequently than SCG and BCG and rats. All MMG rats exhibited red ears, cage climbing and scratching 5 min following model establishment. The behavioral changes of the rats across 2 h following model induction are summarized in Fig. 1 , which presents the average frequency of the event within each time duration bin. There were no significant differences between the BCG and the SCG rats. However, there were significant differences in the frequency of scratching, body shaking and cage climbing between the MGG and the SCG rats (P<0.01), indicating that treatment with the glyceryl trinitrate suspension significantly altered the behavior of the rats. Serum 5-HT is considered to be an endogenous index for evaluating migraine models (11) . Blood samples were collected from the tail vein and the serum was separated, at 1, 6, 12 and 24 h following injection. The serum 5-HT levels were detected by ELISA (Table II) . The measurements collected from BCG rats served as the baseline value. The results indicated that serum 5-HT decreased significantly in MMG rats, compared with the BCG rats (P<0.05).
PI3K/AKT signaling pathway activation in the rat migraine model. The level of p-AKT was measured to assess activation of the PI3K/AKT signaling pathway. Brain stem tissues were isolated at 1, 6, 12 and 24 h following injection of glyceryl trinitrate suspension. RT-qPCR was used to investigate the association of migraine occurrence with the expression levels of PI3K and AKT ( Fig. 2A and B ). There were no significant differences in the expression of PI3K and AKT mRNA across all three treatment groups within 1 h of the glyceryl trinitrate injection. However, the expression of PI3K was significantly increased in the MMG rats compared with the SCG and BCG rats (P<0.01), 6-24 h following the model induction. The level of AKT gene expression was not significantly different between any of the treatment groups at any time point. The expression of p-AKT was detected by western blot analysis at 12 h following the glyceryl trinitrate injection. The results (Fig. 2C) indicated that the expression of the activated form p-AKT (S473) was higher in MMG rats compared with SCG and BCG rats.
Association between PI3K/AKT pathway and migraine of rats. To further investigate the association between PI3K/AKT signaling pathway activation and migraine occurrence in rats, the expression of PTEN and its downstream molecule, GSK-3β, were evaluated by immunohistochemistry. All of the brain stem tissue samples acquired at 1, 6, 12 and 24 h following glyceryl trinitrate injection were subsequently formalin-fixed and embedded into paraffin blocks. The density mean of the selected area was used to semi-quantitatively assess the target protein expression level. The results indicated that the expression of PTEN continuously decreased in the MMG rats from 1-12 h, and increased again by 24 h, however the difference between the groups was only significant at 12 h (Fig. 3) . GSK-3β exhibited a similar alteration in expression to PTEN; there was a significant difference between the MMG rats and the SCG and BCG rats at 6, 12 and 24 h post glyceryl trinitrate injection (Fig. 3) .
Discussion
Migraine pathogenesis is complex, and the factors that influence its pathophysiology are diverse. There are several vasomotor related theories that explain the migraine mechanism, including the cortical spreading depression theory, the trigeminovascular system theory and the nitric oxide receptor theory (12-14) . Activation of the trigeminovascular system leading to dual aseptic inflammation is a key link in migraine pathogenesis; abnormal activation of nerves associated with the vascular system may lead to migraine development (15) . Numerous studies have focused on the molecular mechanism of the occurrence and development of migraines, and the results indicated that several signaling pathways are involved in the neural transmission process of migraines. Huang et al (16) revealed that extracellular signal-related kinase (ERK), which is an important marker of excited nociceptive neurons, serves an important role in pain stimulated nerve conduction. Other studies have also demonstrated similar results, whereby the abnormal expression of trigeminal nerve p-ERK served a significant role in nociceptive stimulation conduction (17) . Recent studies have indicated that crosstalk between the AKT and ERK signaling pathways is crucial in the coordination of the nerve signal transmission and occurrence of migraines (18) (19) (20) . The PI3K/AKT signaling pathway is one of the most important intracellular signal transduction pathways, affecting the activity of several downstream effector molecules. Levels of p-AKT reflect the activation status of the PI3K/AKT signaling pathway. The activation of AKT is achieved by the combination of the pleckstrin homology domain on AKT with PIP3. In addition, the T308 site on AKT is phosphorylated by phosphoinositide-dependent kinase 1, and this results in significant upregulation of AKT activity. However, complete activation of AKT requires phosphorylation of the S473 site (21) . Therefore, the present study investigated the phosphorylation level of AKT S473.
The expression of PI3K mRNA and p-AKT were significantly higher in the MMG rats, compared with the control groups, at 6-24 h post injection. Although the total amount of AKT mRNA demonstrated no significant differences in the brain stem tissue of rats in each group, its activated form, p-AKT (S473), was expressed at significantly higher levels in the model group at 12 h post injection, indicating that the PI3K/AKT signaling pathway was abnormally activated in the MMG rats. Furthermore, PTEN was continuously downregulated in MMG rats from 1-12 h; however, this was only significant at 12 h. PTEN levels appear to increase again by 24 h. The expression trend of GSK-3β was similar to the trend observed for PTEN. PTEN inhibits the PI3K-mediated phosphorylation of phosphatidylinositol 4,5-bisphosphate; therefore, downregulation of PTEN in the model group may result in abnormal activation of AKT. Furthermore, activated AKT may negatively regulate the expression and activation of GSK-3β. The specific molecular mechanism of this process and its role in the development of migraine require further biochemical investigation.
The nitroglycerin induced migraine rat model utilizes the decomposition of nitroglycerin into NO in the body, which induces a headache. The model is economical and simple, the set-up time is short and the pathological and biochemical changes are similar with the characteristics of a human migraine attack, therefore, it has been widely used in the construction of animal migraine models (8, 22) . However, a previous study demonstrated that nitroglycerin may significantly dilate blood vessels and cause expansion of the subcutaneous capillaries over a short period of time. This stimulation may hinder the effective absorption of nitroglycerin, thereby exaggerating the differences observed in the model (9) . The present study improved the nitroglycerin administration method by preparing a nitroglycerin mixed suspension, which did not cause rat mortality. The rats in the model group exhibited red ears, climbed their cages and scratched theirs heads and ears within 5 min of the model induction. Behaviors were observed for the first 2 h following nitroglycerine injection to confirm the success of migraine model.
To investigate the animal model, behavioral changes and ELISA analysis of serum 5-HT levels were recorded. Within 2 h of the nitroglycerine injection, the behavior of the BCG and SCG rats exhibited no significant differences, however, the MMG rats displayed significantly different behavior, compared with the control groups in the frequency of head and ear scratching, body shaking and cage climbing, indicating that the nitroglycerin was able to significantly alter the behavior of the MMG rats. 5-HT is an autacoid that is typically stored in the cell vesicles together with ATP; ~90% of this chemical is synthesized and distributed by the enterochromaffin cells. Under the effects of stimulating factors, 5-HT is released from the granule cells and dispersed into the blood, and may be involved in the regulation of physiological functions including pain, sleep and body temperature (23) . Furthermore, 5-HT content is associated with the occurrence of psychological disorders and migraine (24) . When pathological and genetic factors result in abnormal dilatation of brain blood vessels, 5-HT is released to 'buffer' the stress response. Therefore, it is an appropriate indicator for an observational index of the migraine model (25) . The experimental results of the present study indicated that the serum 5-HT levels of the MMG rats rose significantly following induction of the model. A significant limitation of the study involves the large time interval of measurements for the biochemical measurements; data was not acquired in the 1-6 h post injection time. Due to the long interval in biochemical measurements at an early point in the study, the present study may not provide strong support for the proposed migraine mechanism model in rat brain stem tissues. While the present study has demonstrated the role of the PI3K/AKT signaling pathway in a rat model of migraine, further research into the molecular mechanisms of the development of migraine are required in the future.
